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ABSTRACT
The uncertainty associated with the repeatability of mag-
netization curves to A.C. excitation is dependent upon,
1. The amount and distribution of the impurity
content within the core material.
2. The magnitude and distribution of internal
stresses.
3. The magnitude and direction of external
stresses acting on the magnetic core.
Experiments were conducted on laminated toroids with the re-
sults shown in the Summary of Results. An attempt is made to explain
the observed phenomena by considering the effects of the actual
mic'oinhomogeneities of real materials as opposed to materials that
are ideally homogeneous.
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VPATOIS
Vp - primary applied voltage (rum), measured across the series
connection of primary winding and 10 ohm resistor
-Ip primary current, measured across 10 ohm resistors (rms)
Vn - null voltage (rms), either fundamental only, or harmonics
included, as stated for a particular run. Measurement is
taken across the series connection of secondary winding and
10 ohm resistor.
1 - null circuit current (rms), measured same as Ip
VD - disturbing circuit voltage (rms). Measurement is made the
same as Vn
ID - disturbing circuit current.
Instanteneous values are denoted by lower case letters
Constant and BMS values are denoted by idpper case letters
vi
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CHAPTR 1
INTRODUCTION
1.0 General
The general response of ferromagnetic cores to alternating
excitations i well understood, and will not be covered to any degree
in this thesis. Only the equations applicable to this research are
located in Appendix A. From time to time, reference is made to these
equations before making a more detailed analysis of a particular
problem.
Emphasis is placed on the magnitude uncertainties which are
detected in the repeatability performance. The initial research in
this area was conducted by the Electromagnetics Group at M.I.T. in
their constant concern for improving the accuracy of precision mea-
suring electromagnetic devices. The investigation is limited to low
values of excitation, in the Rayleigh region, where magnetic pro-
cesses are theoretically reversible.
A rigorous treatment of the problem is not possible since
the concepts of magnetic theory are not quite clear. Therefore the
concern is for an engineering understanding of core repeatability, and
delves into the molecular theory only so far as necessary to explain
the various factors which affect the precise repeatability.
21.1 Objective
Shown below in Figure 1, is a simplified sketch of a pri-
mary-secondary wound toroid.
--
+ i.z. = ,, cas vt
=- L.~c~Pwti
Fig 1.
The end objective of this research is to ascertain the magnitude un-
certainty which exists in the repeatability of the flux vector ,
for a known value of primary current, i . Applicable equations can
be found in Appendix A.
An attempt could be made to classify these uncertainties as
to those which affect the amplitude, ,x and the phase angles, e 
At the time of this writing a rigorous approach in this area is not
known or conceivably possible. The underlying assumptions could not
be ustified to one's satisfaction, and would only be subject to con-
troversy. Therefore, the investigation is limited to the total un-
certainty which exists.
A normalied linear approximation relating induced flux density
to the applied current can be given by
s ~y H
In general, the equations applicable to the alternating response of
ferromagnetic cores assume that the permeability,/ is a constant or
that it repeats itself from cycle to cycle. This research will show
experimntally, the limits which can be placed on the validity of this
assumption. In other words, what is the repeatability (ie: the cyclic
constancy) oW which is a function of the magnetic material? The
criterion used in defining the repeatability of magnetisation curves
is, the changes in flux density B which are not attributed to changes
in the minf H.
rCHAPTE 2
EXPZRIE TAL TESTS
2,0 Technique
To determine how well the flux repeats itself, a nulling pro-
cedure is incorporated.
+
+Ur
The flux induced by the primary excitation is nulled by applying an
equal and opposite excitation in the secondary winding. This null-
ing procedure will result in a very small net flux induced in the corse
If, during the cyclic response, a change occurs in either the magni-
tude or phase of one of these vectors, a proportionate change will oc-
cur in the net flux. With iddntical excitation sources and circuitry,
such a change in the null can be attributed to changes in the magnetic
characteristics of the core material itself. Since the concern is for
Fi3 e.
4orders of magnitude only, it does not matter whether the change in the
null voltage is considered as due to a change in either one, or both
of the bucking vectors. The resultant conclusions will not be appre-
ciably affected.
It is possible to represent the voltage-current relations in
the rotating vector form shown in Fig. 3(a), (, is the reference
vector).
Lw LR
M
(a) (b)
A simplified circuit diagram is shown in Fig. 3(b).
Basically, the structure-sensitive properties of a magnetic
material are as follows,4
(1) Composition (gross, local and impurity)
(2) Strain (external and internal)
(3) Tmperature
(4) Crystal Structure
(5) Crystal Orientation
Properties affected by direct application of a magnetic field
are,
(1) Length and Volume (magnetostriction)
-TM
5(2) Resistivity
(3) Temperature (magneto caloric effect, heat of
hysteresis)
(4) Elastic Constants
(5) Specific Heat
(6) Thermal Expansion
A microscopic change in the repeatability of either one of
these may lend itself to a macroscopic change in the core response,
which will appreciably affect the precise repeatability performance
in the circuit diagra, such a change will show up as a change in
either the effective resistance or inductance of the core, or both. A
more complete description of some of these effects will be found in the
various summaries of results.
2.1 Description of Test Samples
A majority of the tests were performed on cores made of Hipers
nik (50% Nickel, 5 Iron). To minidze the effect of eddy current
shielding, the cores were constructed of 28 laminations of approximately
007 inch thickness each. Lntions were bonded together. After
fabrication and construction, test samples were heat treated to relieve
internal strains as much as possible. To eliminate any preferred
direction of magnetization, stacking of the laminations was performed
in an appropriate manner. In addition, the windings of both primary
and secondary were uniformly distributed over the entire core with the
6secondary superimposed on primary, there-by reducing leakage flux,
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92.2 Procedure
The detection and recording of small changes in the net induced
flux is realized by the following procedure:
1. With all other amplifier outputs set at zero, ex-
cite the primary with the desired value of mmf.
2. Adjust the output of the null circuit in both am-
plitude and phase which results in a minimum in-
duced voltage in the toroid. This null value is not
zero due to the fact that the flux wave form result-
ing from a sinusoidal excitation is distorted. Reference
Appendix A. The values of excitation currents are
equal, barring any instrument error, and minor dif-
ferences between primary and null circuits.
3. Disturbing circuit is then adjusted in amplitude and
phase to give the desired disturbance. The phase ad-
justments relative to the primary are such that the
disturbances are applied either n phase or l8 degrees
out of phase.
4. The null voltage referred to in Procedure 2 is ad-
justed both by looking only at the fundamental through
a 1000 cycle filter, and by fundamental plus harmonics
(filter-out).
10
5. The phase of the disturbing circuit is set prior to
each run. During each run, the disturbance is ap-
plied with its amplitude initially zero, then in-
creased to the desired value, and returned to zero,
6. Excitation values of voltage ranged from ,44 - 4.4
volts rms, corresponding to a range o flux densities
from .1 to 1 kilogauss. Reference Appendix A.
7. In addition to applying the disturbing excitation so
as to reduce the net voltage induced by the core, the
phase of the disturbance was shifted 180 degrees such
that the applied fluxes aided, thereby increasing the
area of the -H loop before returning to null. In
either case the above results were the same. For pur-
poses of brevity, these curves are not shown, however,
reference is made here, to alleviate any implication
that the results shown apply only to the particular
type of disturbance outlined in the foregoing pro-
ceduree
No attempt was made to shield the test sample from the presence
of stray magnetic fields in the environment. It is conceivably possible,
although doubtful, that such factors affected the results to some degree.
Tests were conducted with the core at room temperature and also
at 1000 C with no detectable differences. Sample runs for the 1000 C
tests are included in Appendix B.
The appropriate Circuit and Block Diagrams are shown in Figures
5 and 6i
1Oa
The next few pages show sample runs of null voltage response
as a function of time.
1. The first recording of each figure represents
the null voltage prior to applying any dis-
turbance, while the next two recordings repre-
sent the null voltage after applying the distur-
bance 180° out of phase with the primary.
2. The paper speed of the Sanborn Recordst for all
runs were 5 millimeters per second.
3. Each run shown is representative of approximately
5 other runs of similar waveform.
4, Portions of the null response which do not agree
with VTVM observations are omitted.
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Figure 16 is a summation of the previous results. The first
graph shows the mean null voltage as a function of primary current,
taken from all recorder runs.
The standard deviation shows the average deviation of the null
voltage response about the mean.
The maximum deviation versus current, shows the maximum excur-
sion of null response about the mean value.
The mean value of the null does not affect the repeatability
since it is considered time independent for a constant rms value of
excitation current.
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24 Sumaer of Results, Run #1 Series
A. The steady state portion of the null response in-
dicates that:
1. For certain values of alternating excitation,
the flux response is more repeatable than
others. The regions of stability appear at
approxinately .1 and .6 kilogauss.
2. Where apparent instability occurs, there are
numerous sharp discontinuities in the wave-
form, the amplitudes of which ranged from
1.8 mv in the regions of high instability to
.2 my during the more stable runs.
3 A VTVM was used in conjunction with the San-
born recorder during all experiments to verify
the actual results. It will be pointed out at
all times when both VTVJ and recorder were not
in agreement. Therefore, in further reading,
unless otherwise stipulated, it is implied
that the two were in agreement.
B, In all tests, the waveforms indicate the presence of
a high frequency noise component of very low ampli-
tude. Since the VTVM did not indicate same, it is
assumed that such noise is due to either:
I22
1. Tube shot noise in the A.C. to D.C. Converter
or Preamplifier.
2. A high frequency harmonic resulting from
rectification in the converter.
3. Stylus response, since most recorders are
designed to operate on the verge of in-
stability; thereby reducing sluggishness of
the stylus to a minim.
4. Backlash in the recorder gear drive,
Replacing the magnetic core with a resistance bridge in-
dicated that the origin of such a noise was due to un-
certainties in the excitation circuitry and not magnetic
core response.
C,. After the desired disturbance is applied and removed, upon
switching back to the null circuit, a definite transient
response results. In all cases the peak amplitude of the
transient is on the order of 35 millivolts, with a res-
ponse time of 4-5 seconds.
2.4.1 Analysis of Steady-State Response
In analyzing the repeatability performance of magnetic cores, the
steady state response is affected mostly by the presence of sharp dis-
continuities, One plausible argument is that a discontinuity arises from
ir
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the fact that the null has changed its net area. Conceivably, the "null"
which is referred to constantly will never be equal to zero. The magnetic
inhosegenities of the core will never permit both induced f1'as to
completely cancel one another. In Fig. 17 the relative magnitudes are
nay TniJcc Volia3e
(-a volts)
N 1I /I
Fig. 7
not drawn to scale, It must be borne in mind that the net voltage in-
duced by the null is 10'3 less than that induced by the primary alone.
For sinusoidal excitations on the order of 1 volt, the null res-
ponse indicates possible erratic and random discontinuities on the order
of 1 millivolt. This indicates a relative order of magnitude accuracy
of one part in a thousand, which exists even in the very low excitation
region. Most of the theory associated with ferromagnetism lends itself
only to the ideal homogeneous material whose crystalline structure can
be altered by various means of .a/.ea1dg·; and mechanical working
i
I
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In order to explain these phenomena, we must abandon the hypothe-
sis of ideally homogeneous materials, and take account of the small
accidental local variations of stress and composition that occur in real
materials. Such irregularities can provide additional energy terms in
various ways, and so, distinguish between domain arrangements which
would be only applicable in a homogeneous material.
2.4.2 Effect of Internal Stresses on the Repeatability
The simplest effect of random internal stresses has been con-
sidered by Becker.1 A magnetic material, with no applied field, will
have certain directions of easy magnetization, as determined by the
magnetocrystalline anisotropy. By annealing, it is hoped that most of
the internal stresses developed in the ferromagnetic core will be re-
lieved. However, if a small stress does act, it will make one pair of
easy directions more favorable than the others. This is due to the ad-
ditional magnetostrictive energy introduced by the presence of the stress.
If no internal stresses were present, then the susceptibility of all
easy directions would be equal, Fig. 18.
1 Xoo=X a = X I=
Fig. 18
I
i
I
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When a small field H is applied, the components of magnetization
along the three princip'al axes can be represented by,
.Ix.o= xo £ .Z, _ o1,,,:Z/ -o , 2,L,= Xoo, H ,<3
where,
[i saturation magnetization along a given direction
X,, susceptibility along the corresponding direction
o(C, direction cosine relating the projection of H along Ii
i = 100,010,001
n - 1, 2, 3
For the ideal case in which all the component susceptibilities are con-
sidered equal (stress-free condition), then the resultant magnetization
is,
I=HX(4-t-o -°3)
Accurate measurements have been made by Williams 2 on a single
crystal, cut so that a closed magnetic circuit is provided with the flux
almost everywhere parallel to one particular crystal axis, Fig. 19 (a.).
I IVo
(a) (b) H
Fig. 19
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For this particular case, the sum of the direction cosines squared will
always equal unity, resulting in a linear relationship between the re-
sultant magnetization I and the applied field He
I=H X ( l O+ tf _( ) = l
This indicates that, for small fields, the initial susceptibility is
independent of crystal orientation. The results of the measurements
taken, are shown in Fig. 19 (b), which indicates that there is con-
siderable anisotropy in the susceptibility X * It follows that the
equivalence of the three principal crystal axes is not exactly true. One
of the attributing causes could possibly be that internal stresses are
always present, even though their magnitudes have been considerably re-
duced by fabrication and production processes. The presence of stresses
varying in magnitude and direction from point to point will thus cause
the preferred direction of magnetization to vary from point to point.
The amount of deviation from the principal axes will be small however,
but bur concern is for a. source which can account for a discontinuity on
the order of one part in a thousand.
A simple two dimensional model of domains can be constructed as
shown in Fig. 20 (a) for the unmagnetized state of one lamination.
tIH-l--1l- t1-I, 1 -1-l 
H=o H
(a) .Fig 20I~~~~~~~~~~~~~b
i
i
I
I
iI
i
I
I
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Application of a small field, H, in the positive x direction will cause
favorable domains to grow at the expense of the opposing ones Fig. 20 (b).
The movement of the walls will continue until the decrease in magnetic
energy is balanced by the increase in magnetostrictive energy.l For small
movement, using small angle approximation:
Em=- -TsH Cos e =-HIs magnetization energy
= AX 0 sin ax =o7 a x mamnetostrictive energy
A - magnetostriction constant for the material of concern
i = -magnitude of the stress
a . wavelength of stress, assuming sinusoidal distribution
Since the change in magnetization in the x direction is I s x then
AI= QA r -
where A is the increase in magneti zation from the movement of a unit
area of the wmll. Therefore, the magnetization is not only a function
of the internal stress distribution but also I which will vary in-
crementally in magnitude due to small fluctuations in composition, and
.411 - 4 + Fa +A 4 +. 44-U. T4 ao t o  +4aa _ J J L 4 . 9
region within any domain where the stress tends to rotate the magnetiza-
tion from its average direction, then a divergence of I will occur at
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the boundaries of the region1 and a distribution of free poles will appear
as shown in Fig. 21.
It has been pointed out by
Neel that there is considerable
energy in the demagnetizing field
\ \ \ \ associated with such a distribution
of free poles around a stress center.
_ 
_ 
_ 
If a domain wall exists in the vici-
i l l ' Inity of such a center, then the wall
energy will be a minimum when the
Fig 1 domain boundary bisects this stress
center, and a definite energy must be supplied to move the wall from this
position of minimum energy.5 When the additional magnetic energy is sup-
plied to overcome the energy of attraction produced by the stress center,
the wall will move virtually unimpeded, (barring eddy current effects),
until tne next center is reacnea. Tne amount o energy required s a
function of the magnitude of each imperfection. This has led many physi-
cists to believe that if the internal stresses are presumably small, the
growth of a domain wall, even in the lowest of excitation regions, pro-
ceeds in a manner as outlined above, therby giving rise to small disconti-
nuities in its velocity. Neel has developed the stress analysis for a
material as a Fourier series, and concludes that this effect may be much
more important than that due to variations of the wall energy as mentioned
r29
in Appendix A. The defense of one theory as opposed to another is not
the intent here, but only to postulate that the presence of microscopic
internal stresses will result in discontinuous magnetic processes. A
more detailed treatment of the stress theory will be found in Appendix C.
Later in the text, the inherent shortcomings of such a theory will be
cited.
z.4.3 ffrect or Inclusions on the Repeatablity
Another factor which affects the precise repeatability of mag-
netic cores is the presence of inclusions (carbon content, etc.). Such
imperfections are believed by many to be present particularly at the
grain boundaries.7 '8 Reference is made here to the unpublished notes
of Dr. S. T. Lin, Department of Sponsored Research at M.I.T., wherein
the presence of impurities in all alloys gives rise to localized mag-
netic moments regardless of heat treatment and fabrication processes.
State-of-the-art processes have reduced the amount of impurities
present in ferromagnetic materials to an infinitesimal per cent. How-
ever, when orders of magnitude accuracy of greater than one part in a
thousand are investigated, such factors become increasingly important.
ne aneurlee presenteu Dy lewart, ersen, uana Neel- alXnfougn uon-
tradictory in some respects, all lend themselves to the same basic con-
cept. Only a brief surmary is presented here because of its analogy to
L
· · 1·-- LL----- --------- L- L--  V ----  ---  --1 - ·L ·- ----  -
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the stress cent5er idea:
A. The wall energy is a minimum when it bisects an
inclusion.
B. Displacement of a wall from its minimum energy
position increases its surface area, consequently
a finite magnetic field is required for such a
displacement
C. Minimum energy occurs when the sums of all energi
are equal to zero, ie:
es
2 Hs =2 r n"/ x
n - number of inclusions per unit volume
= - surface energy
X = distance of walfrom the center of an inclusion
When x is equal to the radius r of an inclusion, no
additional energy is required to propagate the domain
wall to the next inclusion. A snapping action ensues
just as in the case of stress centers. Such a force,
which is required for this action, has recently been
considered as the coercive force.
Wraz/3 r
HC =
Such a force is proportional to the size, and density
of the impurity content. For Hipernik, the value of
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coercive force for low excitations ranges from
.02 - 03 oersted: which implies extremely low values
of n and r, although neither one is equal to zero.
Nominal specification for commercial alloys used in
electromagnetic devices call for a carbon content of
less than 05%. A brief treatment of stress and in-
elusion theories presented by Kersten, Neel, et al
are found in Appendix C.
In recent experiments conducted by Brown and Bitter, 3 the objec-
tive was to measure the inhomogeneities present in magnetic fields. A
pick-up coil was moved across the face of a magnetized specimen. The
flux distribution so measured may be represented by the equation
B =BI -t B Cos kx
where
k - wave length of flux variation
x - distance moved across the pole face
The results of their experiment is shown in Table I
Bb (gauss) B (gauss)
30 0.013 (7)
300 0011 (9)
540 0.016 (8)
1050 0.042 (0)
1680 0.056 (0)
2220 0.070 (0)
Table I
32
The values are applicable to an Alnico magnet, but if interpreted
correctly, an lend themselves to "soft" ferromagnetic materials as well,
because even they are not ideally homogeneous.
A graphical plot of these tabulated values is shown in Fig. 22.
MOB
A Ficd Strength ( )
Fig. 22
No possible explanation can be given for the minimum that exists at
point A, but a similar effect was observed in carrying out this research
with A.C. excitation, as shown in Fig. 16 in the neighborhood of 600
gauss.
2,4.4 Results and Conclusions
Although, the factors expressed in the foregoing sections are
extremely small in magnitude, by their presence, the following argument
is plausible,
1. The transition of domain growth from one energy state
to another takes place in finite jumps.
i
I
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2. The magnitude of such a jump is by no means pre-
dictable on a macroscopic scale, but is a function
of the microscopic stress distribution, and the
impurity content and quality.
3. For low valued A.C. excitation, the hysteresis loop
which exists in the Rayleigh region is formed by
infinitesimal discontinuitiese A blow-up of the
normalized magnetization curve, which is hopefully
linear may be represented as in Fig. 24,
dear
mro'C;Mat;on
onleg;on
U
Fig 24
Obviously Fig. 24 is not drawn to scale and is aver-
simplified. Bear in mind that the change in B
due to a discontinuity is on the order of 10'3 gauss.
4. A simplified two dimensional picture of the flux
vectors within the core may be shown as in Fig. 25.
1 13~~~~6
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The vectors are in a cyclic state de-
termined by the excitation current of
the primary and secondary windings
Fig. 25 When ulled, the flux vectors are of
equal amplitude and opposite phase as shown, the net voltage induced due
to A dB/dt is a minimum. The observed experimentshow that the vectors
do not repeat themselves exactly each time, thereby causing a change in
the induced voltage.
If one considers the expression which relates a sinusoidal voltage
to flux.
Em - 4*44f N A B,
A Er= 444f N A Bx
For $ E 1.8 millivolts, which was the maximrum uncertainty recorded in
the null, and if one assumes that the change of 1.8 millivolts is due
to a change in the repeatability of one vector alone, then
a Ers 1.8 millivolts
JC - 1000 cps
N - 600 turns
A = .006 m2
Resulting in Bmax - 23 gauss
Another way of looking at the results from a domain point of
r g
view is to consider the change in area resulting from this domain wall
snapping around an inclusion or stress center
A Er. - 4.44f N Is A
I s 16 KG, the saturation magnetization of Hipernik
A 5 X 10-5 2
This is the same order of magnitude of a Barkhausen discontinuit y' 6 re-
suiting from possibly the nucleation of only one domain. The random
distribution of such lattice imperfections is dependent upon many factors.
It is believedl0 that thermal agitation is one of the primary factors.
Consider a B-H loop for extremely low values of excitation.9
Fig. 26
H
H
=("q, ±i~U ~ leld to
A '(~
< - £I = lrJ7 , - S
, 7 -- - - - 4 - -GJws i
=,,.3, cP-S Wt
Fig. 26
1
Suppose, for the moment, that as the current amplitude proceeds from
zero to its maximum positive value, the domain walls snap across a
number of n such imperfections, composed of either stress centers and/or
inclusions. Several cycles later, due to an infinitesimal change of
any one of the many environmental parameters, the next such excursion en-
compasses only n-l such imperfections, and so on. Such a response would
alter the net flux response on a macroscopic scale, when large orders of
magnitude accuracy are important. A schematic of the effect these micro-
inhomogeneities would have on the domain growth may be represented as
shown in Fig. 271
E
-x
IC
F
E
X
Fig. 27
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E represents the energy supplied by the applied field and x represents
the movement of a domain wall. Points O, A, C, E, F, H, and repre-
sent the energy required to overcome the local irregularities within
the granular structure. As the applied field is increased the domain
wall expands, impeded only by the inclusions and/or stress centers which
determine its minimum energy position. The smaller the imperfection,
the smaller the amount of energy required to snap the domain wall away
from it. Further increases in the applied field, will result in the
domain wall snapping to points A, C, and 3. By a similar argument it
can be seen that a decrease in the field will result in equilibrium
positions located at points F, H, and K. As mentioned previously, the
positions of these imperfections are dependent upon thermal agitation,
temperature, etc. Irreversible heating within the core, although much
less that 10'4 oC per cycle, could after a sufficient number of cycles
alter the position of point C to that of C, The ump occurring upon
increase of the field would then be from A to E. Or conversely, the
imperfection may move to C", at which time the wall position would
never reach point E for the some maximum value of applied field.
Obviously, the problem has been oversimplified, The energy curve
corresponding to a real domain all probably has some hundreds of maxima,
rather than the three shown in Fig. 27. Experiments have been performed
by Williams and Shockley 12 on a single crystal specimen which confirm
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this hypothesis. Discontinuities in the region of 003 ersteds have
also been measured.l6
One of the chief inadequacies of the inclusion and stress
theorie,,l are the implicit assumptions of a regular and uniform stress
and inclusion distribution around the cubic lattice of a polycrystalline
material. All imperfections are treated as having symmetrical cross
sections. If such were the case, then the coercive force (that force re-
quired to overcome an imperfection) would be a constant due to this
symmetry. However in actual materials, the distribution is conceivably
random, with cross sectional areas which may vary possibly by orders of
magnitude. Quantitatively, it is believed that the value of coercive
force cited for a given material is based on the average value of wall
impediments.
- (<R>a '3 average radius of inclusion
> A-average volume fraction
Ws-average wall energy
Therefore, to say that the coereive force has not been exceeded
should in no way imply that irreversible effects have not taken place.
The larger imperfections give rise to more pronounced discontinuities
discovered by Barkhausen.
It was mentioned previously that the positions of such hindrances
to the domain wal movement are dependent upon the thermal agitation
present within the material. One source of such agitation is the heating
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of the material due to hysteresis. Conceivably, an alternate souce of
agitation could be due to the cyclic stresses existing between the sur-
face of two laminations. As a result of fabrication, each lamination has
a preferred direction of magnetization as shown in Fig. 28.
Due to the fact that the other pre-
ferred directions are each orthogonal to
the one shown, the circumferential flux
pattern will not exactly be uniform for
In
Fig. 28 constant values of radii. Stacking is
performed in such a manner that the net preferred direction is zero,
therefore, between any two laminations, the preferred directions of
magnetization will not be the same. Since magnetization of the material
will be incrementally greater along the preferred directions, the mag-
netostrictive effects for any minute cross section will differ between
any two laminations. The end result will be a cyclic stress variation
of the excitation frequency which will be transmitted to adjacent lam-
inations by the bonding material, which may vary the position of im-
perfections.
The main shortcomings of the present day theories arise from the
difficulty of expressing some of the energy contributions in terms of
measurable quantities.
The foregoing arguments are but a very brief and elementary treat-
ment of the problem. More detailed and rigorous approaches can be found
41
in the appropriate literature. Each approach is the subject of much
controversy, as is the theory of magnetism. Therefore, for the sake of
research objective and brevity, a more quantative analysis is not shown,
The overall implication here being that, such factors do exist which
could give rise to the phenomonological observations.
2.4.5 Analysis of Transient Response
The appearance of a switching transient in the net null response
was further investigated, and found to exist at all values of ecitation.
Three possible causes are (1) the voltage response of an R-L circuit,
(2) relaxation of local strains, and (3) the ever present tendency of a
ferromagnetic material to demagnetize itself. The first cause is elemen-
tary and is not covered here.
A typical transient response is shown in Fig. 29.
VA1
J
Curve Breackdown
0 R-L c;,-cu;t rs:onse
® EdyJ current effectsA d~~ ~ ) Oftrain e lIxot;on
I -
V
Time
Fig. 29
The waveform suggests the presence of two distinct time constants. When
an applied field is changed suddenly, a considerable fraction of the
t
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magnetization changes instantaneously. 7 This fraction is determined by
the permeability, and by the demagnetization coefficient. 1 Following
the sudden change in applied field, there is a slow change in magneti-
zati on.
An engineering simplification of the problem will result in the
following:
(1) The equilibrium magnetization may be expressed a, 11
K -H/L 4/ r/,q-,)
M - magnetic moment per unit volume
Ho- applied field
N - demagnetization coefficient
A = permeabiity
K, may be expressed as a sum of terms.
X - Li d M2 + 3 + ..
M1 induced magnetization which changes almost
instantaneously, and
Mi- magnetic effects associated with all other
factors, each with a seperate time constant.
Some effects resulting from, eddy current
damping, eddy current skin effect, and re-
laxation of local strains. i - 2, 3 4, ...
Expressed as a function of time,
M =(t)=HoCc¢(-jv~) ( - '). .. .
Ci = associated constants
Z - respective time constants
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Two such switching events occurred during
the Run #1 series. If we considdr only the
one in going from disturbing circuit back
to null circuit, a direct analogy can be
made in the other case. After the ampli-
Fig. 30 tude of the disturbing circuit has been re-
duced to zero, the cyclic flux of the core may be represented as in Fig.
30. If at the instant switching occurs, the amplitude associated with
the primary excitation is located at point A. Immnediately upon switch-
ing, there is an instantaneous change in the strain distribution within
each lamination due to the almost abrupt change in net flux. The ob-
served results indicate a decaying transient on the order of 5 - 10
seconds, and can be represented as shown in Fig. 30 as the null proceeds.
from point A to the origin. Kittel has proposed that time constants of
such an order of magnitude can be attributed to strain relaxation. Such
time constants due to strains may vary from milliseconds to years for
harder materials. The transient duration shown is random, due to the
fact that switching was performed in a random manner. However, the mag-
nitude of the transient was the same each time.
This phenomena has been described byr SnoekL as the domains ex-
hibiting an "elastic after-effect" in adapting themselves locally to the
condition of strain prevailing at the boundaries.
If the application of the core is such that the forcing function
is of the form of high frequency sinusoidal pulses, this switching
transient phenomena will have a predominant effect.
CHAPTER 3
SUPERPOSED FIELDS
3.0 Effect of Superposed Fields
Strictly as a matter of curiosity, it was decidedto investigate
the null response in a similar manner as mentioned previously except to
have the B-H loop biased off of the origin as its operating point. This
was effected by placing a 3 volt battery in series with the primary wind-
ing. Therefore, any A.C. excitation is in the form of a superposed
field Fig. 31.
cte
'uose
H
-"f
(Q) (I)
Fig. 31
For a comparison, the procedures and excitation values are the
same as those mentioned previously. The results are shown in Fig. 33.
A comparison of no D.C. versus a quiescent mmf is shown in Fig. 34.
45
nasis
In all cases it can be seen that the repeatability improved in
the cases where the A.C. excitation was in the form of a superposed
field. One possible explanation of this result can be seen when con-
sidering the magnetostrictive effect.
When a core, whose magnetic property gives rise to a positive
magnetostrictive coefficient, is subected to tension, the area of the
resultant hysteresis loop is decreased.4 Ai shown in Fig. 32, a smaller
I value of excitation current is re-
quired to achieve the same value of
Bmx. The tension here is not
mechanical as is the usual case, but
results from the magnetostrictive
Fig, 32 response to the quiescent mf. This
effect gives rise to a quiescent stress distribution throughout the core
material. It is possible that this constant stress reduces the pre-
dominant effect of the stress centers mentioned in Chapter 2, thereby re-
sulting in a more uniform magnetic transition of the domain growth.
Figure 34 shows a comparison of null voltage waveforms response with
and without a quiescent nmf for various values of excitation current.
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CHAPTER 4
POTTED CORES
4.0 Rbpeatibility of Potted Cores
The same core used in previous testing was baked in a potting
compound to ascertain the repeatability under this environment. The
term potting" refers to the baking of magnetic devices in a plastic
4 resin. It is a procedure used by the Instrumentation Laboratory of
M.I.T. in the manufacture of Microsyn units.
The compound was in the form of Epon with no filler additive.
Baking was accomplished at approximately 1000 C. After cooling to
room temperature, tests were conducted similar to those of the unpotted
unit. The results were inconclusive. Several runs, taken at the same
values of excitation would yield extremely diversified responses. Fur-
ther investigation revealed that:
1. The test specimen, in its potted state, was now being
subjected to extremely large compressive stresses.
After baking, and upon cooling to room temperature,
the difference in thermal coefficients of expansion
I between tne two materials resulte in tnls compreslon.
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2. As a result of this stress, the net inductance of the
core had been reduced by a factor of 4.
The potted sample was again heated to 1000 C and the test results
indicated that nearly all compressive stresses due to the compound were
again relieved. However, upon cooling again, the net inductance was re-
duced only by a factor of 3. This indicates that the structural com-
position of the compound itself has a thermal hysteresis effect that
does not repeat itself.
A more complete investigation in this area has been done by
Freeman of the Electromagnetics Group at M.I.T. His results are shown
in Fig. 35 which illustrate not only the change of inductance with stress,
but also the change in the compound characteristics from run to run.
An inspection of Fig. 35 reveals the following:
1. No appreciable change of inductance results in the
heating and cooling of the unpotted unit. This is
to be expected since the temperatures involved are
well below the Curie point. Therefore, the change of
inductance results from the stress imposed by the pot-
ting material.
2. The time required for heating and cooling was approxi-
mately 2 - 3 hours. Therefore, the potting character-
istics show a definite thermal history dependence from
run to run.
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At the time of this writing, very little information is available
concerning the detailed properties of the compound. Regretfully, in-
sufficient time remains to allow for further investigation by this re-
search. Until such a study is known, no definite correlation can be made
concerning the effects of potting on the repeatability of magnetic cores.
Between potted and unpotted units, the same values of excitation current
will result in different values of induced flux within the core, there-
fore, no comparison can be made.
4.1 agnetostrictive Effect Due to Potting
It was noted during the tests of the potted unit that hysteresis
effects were pronounced (i.e. the cyclic hysteresis loop due to A.C.
excitation was larger in area). At room temperature, the effect results
from compression on a magnetic material with a positive magnetostrictive
coefficient. However, this does not explain its presence at 1000 C,
when presumably the core is relatively stress-free,
It is known that the potting compound exhibits a brittle quality,
therefore, it can be said that the modulus of elasticity high, relative
to that of the ferromagnetic material. The inherent change in length of
a magnetic specimen upon magnetization is therefore constrained, and re-
sults in the core being subjected to external stresses.
Since the effect and not the magnitudes of these stresses were
observed, it is proposed that the argument presented is only a plausible
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one. The analysis is limited to Hipernik, but since this material
exhibits nominal ferromagnetic characteristics, the end results can be
properly interpreted, and therefore applicable to most magnetic
materials.
4.2 Analysis
A material is said to exhibit positive magnetostrictive charac-
teristics if,
1. It expands when magnetized, and
2. Upon application of a compressive stress, the flux
within the material is caused to decrease.
The magnitude of this stress sensitivity is found to be inversely
proportional to the crystal anisotropy constant. Therefore, most soft"
magnetic materials will display this high stress-strain sensitivity.
The effect manifests- itself as follows:
1. As the excitation value increses from zero to some
finite value, the magnetostrictive response causes
the core to expand proportionately. For small values
of maf, the expansion has a linear dependence.
2. The expansion is constrained due to the potting
material therby resulting in a compressive stress
being imposed on the core.
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3. This compressive effect results in the incremental
value of B being less than that which an unpotted
core would have. The net result is that the posi-
tive eursion of the hysteresis curve is below the
normal one. The sketch shown in Fig. 36 is
1tessFiee
,o/s~r;on
Fig. 36
obviously oversimplified. Due to non linear nature
of the relationships involved only a graphical ap-
proximation can be made.
The thermodynamic relationship between change in B, with stress
and length as affected by the field strength H, is given by4
4..~ _*
If one considers toroid as being a bar specimen, connected end
on end. Any change in length will show up as a proportional change in
I
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i
j
I
I
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I
I
54
radius. One-half of the core is shown in Fig. 37,
X
Fig. 37
From the derivation in Appendix D, it is seen that
bL z^ dr;Z  r
Therefore, the circumferential strain is equal to the radial strain.
As the magnetization increases, an expansion of the core parallel to
the direction of the applied field will result in an equal radial ex-
pansion.
For this simplified treatment, several assumptions are required
namely:
1. Reciprocity theorem-stress due to strain is equal to
strain due to stress.
2. Neglect any strain along the axis, since the trans-
verse magnetostrictive effect is opposite in sign.
It is therefore questionable as to whether the potting
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compound could subject the core to tension along
the z axis.
3. Shear strain and shear stress are zero.
4. Magnetostriction varies linearly with the applied
field H; this is applicable for the small values of
exitation involved.
5. Magnetostriction in the radial direction is one-half
of that in the circumferential (x) direction and
opposite in sign.
The numerical calculations are found in Appendix D. Expressed in terms
of the instantaneous value of current, the stress parallel to the di-
rection of applied field is:
oi/i i e I.o5- x , d 
= I. k;Oos r s
This is the additional stress acting along the direction of x,
due strictly to the radial stress acting along y.
Reference is made to Bozorth,4 where in graphs of stress sen-
sitivity are found. The change in flux due to this additional stress:
= (s=.4,S/., m r - flux change due to stress
= magnitude of external stress
, 3 ,/3-4 o x a- (force/srea)
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Substituting in the above value of f7 results in
1,400 gauss/ p
A graphical approximation could possibly be made, but in-
tuitively it can be seen that for a one milliampere eitation, Djax
may differ by an order of magnitude of one gauss. However, this effect
is periodic, and therefore, does not appreciably affect the repeatability
of the core. One manner in which this does affect the repeatability is
the contribution of additional perturbative vibrations which affect the
stress center and inclusion distributions
In the application of magnetic cores, it is sometimes necessary
to use high values of mmf (demagnetizing processes, and also to slew
guidance systems). These high values of mmf result in residual effects
due to the stress imposed by the compound material. The processes men-
tioned above result in the core being driven well into the saturation
region by using zm values 100 times greater than those used in ascer-
taining the repeatability performance. The resultant stresses therefore
may not be reversible. It can be seen that mmf values on the order of
700ersteds will result in cyclic compressive stresses of approximately
30 kilograms/cm2 . In addition to this is the heating which results from
a power dissipation of 1 watt. It has already been shown that the
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characteristic; of the potting material has a thermal history depen-
dence,
Experiments in this area have been conducted by Steinberger,1 5
where in laminated cores of nickel-iron alloys were subjected to
hrdrostatic pressure. The results are not included due to the fact that
the pressures involved are several orders of magnitude greater than the
ones of interest here, However, an interpretation shows that when the
magnitudes of these compressive stresses become appreciable, there is
only a partial recovery of the flux.
An illustration of how the position of inclusions and the magni-
tude of stress centers vary with equilibrium temperature and com-
pressive stresses can be seen in Fig. 38. The potted test specimen was
heated to 1000 C, and then nulled. The sample was then allowed to cool
down to room temperature at a rate of approximately 500 C per hour.
The sharp discontinuities represent the change in position or magnitude
of these inherent imperfections.
A far more detailed investigation is required to simplify the
complexity of the problems involved.
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CHAPTER 5
FERaGNET IC ESOANCE
Much research in the field of resonance absorption, indicates
that such phenomena can occur under a wide variety of circumstances.
It is not known or believed that tesephenomena, per se, affected the
results of this research. However, -it is hoped that the following dis-
cussion will show that such an absorption effect is possible.
The main prerequisite for ferromagnetic resonance to occur is the
presence of electromagnetic radiation of r-f wavelength. The exact
wavelength required is dependent upon the magnetic material, the shape,
the amount by which the material is magnetized, and other environmental
factors Experimental ork by Purcell1 7 et al show the presence of
resonance in paraffin at a frequency of 30 Mcps by introducing a power
of '11 watts in a cavity. Still others 5, 18, 19, 20, a2 indicate
this effect to occur at higher frequencies, still in thr r-f range,
although the power required was not stated in the original literature.
In general the frequency range for ferromagnetic materials4 is from
60
108 1010 cps corresponding to wavelengths from 1.- 100 cm.
The value of applied field H, varies due to the fact that each
report was devoted to a different material. All that can be said in
general is, that for a given material, there are certain values of
applied field, r-f frequency, and power which will cause a resonance
phenomena, It is believed that the penetration of this rf radiation is
limited to a skin depth which is approximately a domain size (la03m
and smaller).
In a report by Kittell 9 it is shown that the resonant fre-
quency is a function of Hn ; the value of n being dependent on the
shape of the specimen, be it a cylinder, plane, or sphere. The results
of his theoretical work is shown in Fig. 39, which indicate a possible
resonant frequency for all values of applied field.
2
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The crucial question which arises concerns the time required for
such a resonance to occur. Regretfully, the answer to this question is
not known. It is conceivable that this factor alone may be used to
Justify the occurrence or nonoccurrence of this phenomena. In a situa-
tion where two frequencies are introduced, one f 1000 cps, and the other
of r-f frequency, the 1000 cycle frequency appears to be relatively con-
stant compared to the r-f wave form over a small incremental period of
time. Therefore, instantaneously, there is a certain value of r-f
frequency and applied field (from 1000 cycle source) that would tend to
resonate the surface of the specimen. Kittel 19 predicts that for any
specimen shape other than a plane or sphere, there exists a finite rem
sonant frequency even for ero static field. This hypothesis was
verified by Welch20 wherein a resonant effect indicated by permeability
measurements was obtained on an unmagnetized specimen.
Consider if you will, a wound toroid baked in the potting com-
pound mentioned previously. In this discussion, the stresses are con-
sidered as ero. It is proposed that the source of r-f power is in the
form of heat dissipation in the windings. The resistivity of the wrid-
ings gives rise to an i2R loss, resulting in a finite thermal gradient
between the windings and the core material. If the potting compound is
opaque, then the combination of windings plus compound may appear to
the core material as being a "black bodyl" radiator. 2 2 If such an as-
sumption can be made, then the presence of this thermal gradient will
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cau3e electromagnetic radiation to flow from windings to core. Making
use of the Stefan-Boltzmann law for a black body wavelength spectrum,
AmT = constant
3000
If T is considered to be approximately 3300 K which in practice is the
normal operating temperature of magnetic cores used in guidance systems.
then
? ' 9 cm wavelength
Where A m is the value of wavelength corresponding to the peak power
density of a black body spectrum.
The total energy density transmitted per second for a one degree
temperature gradient between two surfaces is found by,
E - a- (T4 - T04) = energy/sec/cm2
-= Stefan-Boltzmann constant
E 17 X 104 ergs/se
F - 17 X 10-3 watts
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The question now is, how much of this total power can be assumed
to be in the 9 cm wavelength region. As mentioned previously, the only
value available, was in the work of Purcell (1011 watts with a paraffin
specimen). This 9 cm wavelength correspond to a frequency of
5.3 X 10 8 cps which is of the microwave frequency range wherein ferro-
magnetic resonance has been known to occur. This effect, however, is
limited to the outside surfaces of the core.
From time to time in the testing of magnetic devices, skew effects
have been observed, which were not anticipated, and could not be ex-
plained. An intuitive investigation may totally discount the resonance
phenomenon as being the cause. However, it is of interest to note that
certain environmental conditions could result in same. No definite
conclusions can be drawn due to the wide range of thermal gradients which
could exist, in addition to the fact that very little research is known
in this exact area.
CHAPTER 6
CONCLUSIONS
6.O General
A cursory glance at the foregoing treatment seems to be ex-
tremely general. A more rigorous and quantitative investigation of the
problems involved would only be subject to controversy and limited in
its application since the detailed theory of magnetism is not yet
known. In view of this fact, the treatment is meant to be more in a
qualitative vein, and to emphasize only a few of the factors which af-
fect the precise repeatability of ferromagnetic cores to A.C. excita-
tion.
In general the following conclusions can be drawn.
6.1 Accuracy
At no time in the testing of the cores, did the repeatability
deteriorate to a value of less than one part in a thousand. The method
of measurement seems too limited for this order of magnitude. The im-
purity content and internal stress distribution seem to be the primary
factors which affect the accurate response of commercial alloys. It
is felt that these limiting factors will persist until such time that
1
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fabrication and stress relieving processes reduce their effect by orders
of magnitude. It was thought for sometime that the Barkhausen effect
was due solely to domain rotation, however, as pointed out (Williams et
al) that these discontiluities are not limited to the steep portion of
the B-H curve, but exist throughout the entire region. The magnitudes
however, are greater between the toe and knee of the curve.
Superposing an A.C. excitation on top of a quiescent D.C. value
improves the repeatability. However, it must be borne in mind the ad-
verse magnetostrictive effect this would have on a potted core. This
effect can be seen in suggested tests conducted by the Gyro Test Section
at M.I.T. The tests were conducted on a Microsyn Torque Generator. The
results indicated that the quiescent D.C. voltage caused the unit to be
subjected to a constant compressive stress. The end result was that the
sensitivity of the torque generator was decreased by a factor of 4. The
amount by which the sensitivity was reduced varied proportionately with
the value of quiescent mmf.
6.2 Effect of Potting
It is believed that the potting compound materially affects the
repeatability. The mounting of magnetic cores in Microsyn units is
usually effected by placing the core in a Beryllium housing with ex-
tremely small clearances (.001 inch). The plastic compound is then
poured in and baked. The end effect is that the potting material transmits
i
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stresses from the housing to the ferromagnetic core.
Because of the many problem areas involved, a detailed analysis
could not be given to any one. It is hoped that as a result of this
writing, further investigations will be made in any one of these areas
which will eventually result in, hopefully, orders of magnitude im-
provement in the repeatability.
6.3 Recommendations
In further tests conducted in this area, it is suggested that a
third winding be incorporated to measure the flux induced in the core.
This would remove the null measurements from possible uncertainties in
the excitation circuitry.
It would also be of interest to determine the improvement (if
any) in the core repeatibility resulting from the core being mounted
in such a manner that it is subject to constant mechanical tension.
Theoretically, the hysteresis loop of the core would be considerably
reduced, and the core material would have a constant internal stress
condition.
I
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APPENDIX A
Applicable equations of core response to A.C. excitation2 3
1 Rw, resistance of windings
e1 Rw il + N
2' R ia + N2 di
Fig. A-1
Only a graphical solution can be made if the value of Rw can't
be neglected. Here we will consider the iR drop as being small relative
to the induced flux, then
e2 = N2 a
St0 Do = 4For sinusoidal current jf ,
; 4-V the waveform of is distorted, due to
the non linearity of the response curve.
If the curve is symmetrical about the
abscissa, only odd order harmonics of
Fig. A-2 will be present.
Considering only the fundamental, if it can be assumed that the
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flux is nearly sinusoidal
q5T sin wt
h/- e = = oAI o50
In rms form,
E .44 f N max
- 4.44f N A L
Such a voltage will result in a magnetomotive force of
4 if I/
H -
b
C;
H=O H- H---
(a) (b) (c)
Fig. A-3
Consider the oversimplified drawing of Fig. A-3, with imper-
fections show only for one domain wall. An incremental increase in H
will possibly result in a wall pattern shown in (b), impeded only by in-
clusions and stress centers. A further increase in H will be sufficient
-j~ 4
l
3
1
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to overcome the attractive energy of (3) and (4), resulting in a dis-
continuity in the wall velocity. As mentioned in the text, such dis-
continuities have been measured in the neighborhood of .003 oersteds.
It has been proposed that the "coercive force" used to specify the
magnetic characteristics of a given material is based on the "average"
or largest" value of mmf required to overcome these imperfections. In
the absence of imperfections, the wall velocity will be a smooth and
continuous one.
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APPENDIX C
STRESS AND INCLUSION THEORIES
C-1 Stress Theory 1' 4
The following is a brief treatment of the effects of internal
stress on the flux distribution in a magnetic sample.
Application of a small field H results in a new equilibrium
position of a domain wall whose change is such that the increase in
magnetization energy is balanced by a change in the magnetostrictive
energy.
,- = -IS / co.5 9
--TIs H
assuming 0 small
= A ,; x/7
for a small measurement of
wall distance
c-7 = amplitude of internal stress
j= approximate wave length, assuming
sinusoidal stress distribution
magnetostriction coefficient
Ev- A q- -5;n /c'
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For a domain wall movement a distance Xthen the change in magnetization
is,
A=I H
The initial susceptibility can now be written as
X I _
It can be seen that the susceptibility varies inversely with the stress
amplitude. And the
- -
i
As the stress amplitude varies incrementally, so will the susceptibility.
This substantiates the argument presented in Section2.4where it is con-
cluded that the domain growth is not a smooth one.
C-2 Inclusion Theory
An inclusion refers to the presence of a non-magnetic material
embedded in the ferromagnetic. For simplicity, assume that the inclusion
is spherical in shape Fig. C-2.1
---
Fig. C-2.1
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It is clear that the wall energy will be a minimm when the wall bisects
the inclusion x - o The change in magnetic energy for a wall of unit
area when the wall moves a distance x is given by
&E - 2 H I X
The change in the wall area is r11(r2 - 2) for spherical cross section.
If N such inclusions per unit volume are distributed uniformly at the
corners of a cubic lattice, then the change in wall energy is
i E = (r x ')
* wall energy density
Equating energy terms yields
2 H Is I -t7 W3X
Hence the wall displacement is proportional to the field H as long as
x<r · When x- r
i7rn26sr r
H - He = cI
~IZ
Fig. C-2.2 represents a wall moving freely between inclusions (a) and
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restrained by the intersection with inclusions (b)
0
0o
0
I
0
1o c
o £
Fig. C-2.2
It should be noted that the questionable assumption is one of
uniform distribution and cross sectional areas.
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APPENDIX D
STRESS DUE TO POTTING
Fig. D-1
,I circumferential distance
r = means radius
Al =z lra
Therefore -
Considering a two dimensional analysis ( C 4• G, t7 ), the follow-
ing assumptions can be made
1. The rate of change of magnetostriction is linear
with H (mmf).
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2. Expansion and contraction of the sample cross-section
is also linear (rectangular cross-section remain
rectangular).
3. Shear strain and shear stress are negligible.
4. Superposition applies to the strain along y to x
and vice versa (ie., = )
Using the stress-strain equations from strength of materials
IAs = 1 (, -- Gil)
bA =E)d'
be -(o ai E
a;3 61 aEh
(1)
(2)
(1)
- JG =b E A (2)
A determinant solution of equations (1) and (2) yield,
A= - 1=(1-
where Ž - Strain Sensitivity
= Poisson' s ratio
a, b - Constant factors of the strain A to
be determined later
UT - amplitude of stress acting along ap-
propriate axes.
E - modulus of elasticity
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The various components of strain can be determined as follows:
Dc, magnetostrictive expansion along x due to magneti-
zation
ae magnetostrictive contraction along y due to change
in volume
yxW" displacement along y due to expansion along x
&- displacement along x due to change in volume along y
Solving for stress components
C= I  bEA I I Jb -l
i
Similarly,
Summing the strain components along x, yields
Similarly, along y
,bA=eleY , =5 A
Reference is made to Bozorth,4 for small strains (low induction values)
A=Z. /o H
PL -,:
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For
I - 3.25 cm
/ - 600 turns
A = 2.5 X 104 X imp
Typical values for Hipernik,
E 30 X 1012 dynes/¢m2
This results in
/L : -2.70 1 o° -
G - amp
2.70 KG
mrni - amp
Bozorth has made calculations for 45 Permalloy resulting in a change of
flux due to stress,
A ( % -) I- 1340 gauss/KG/lm
Therefore
J,= /1340 x C flux due to stress
-- 400kilogauss/amp
as a function of mmf current.
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